Abstract-In this work, a semi-analytical model, based on a thorough analysis of experimental data, is developed for photoresponse estimation of a photodiode-based CMOS active pixel sensor (APS). The model covers the substrate diffusion effect together with the influence of the photodiode active-area geometrical shape and size. It describes the pixel response dependence on integration photocarriers and conversion gain and demonstrates that the tradeoff between these two conflicting factors gives an optimum geometry enabling extraction of maximum photoresponse. The parameter dependence on the process and design data and the degree of accuracy for the photoresponse modeling are discussed. 
I. INTRODUCTION
T HE past several years of intensive work [1] - [10] , have made active pixel sensor (APS) imagers be considered a viable alternative to CCDs in many application fields. However, investigations still have to be performed for improving APS performance in order to meet dedicated application requirements and to provide designers with better control. It is important to acquire experimental data concerning parameters affecting electrooptics performance, mostly responsivity and dark current generation. This work is based on experimental data acquired from several 256 256 APS chips fabricated via HP in a standard 0.5-m CMOS technology process. Various topologies of the photosensitive area have been implemented. All the pixels share a common, traditional three-transistor-type readout circuitry (see Fig. 1 ), enabling behavior identification of different pixel types. It is the intent of this paper to present how deviations in the device geometry affect its overall performance and thus can be used as a predictive tool for design optimization.
Solid-state imagers are based on rectangular arrays of lightsensitive imaging sites, which are also called picture elements or pixels. In CMOS APS arrays, the pixel area is constructed of two functional parts (see, for example, which has a certain geometrical shape, is the sensing element itself: the active area that absorbs the illumination energy within it and turns that energy into charge carriers. APSs usually consist of photodiode or photogate arrays [1] , [11] - [15] in a silicon substrate. Each imaging site has a depletion region of several micrometers near the silicon surface. Any photocarrier generated in this depletion region is collected at this imaging site (we assume perfect collection efficiency for carriers at or within the depletion region). The second part is the control circuitry required for readout of this charge. The ratio between the active area and the total pixel area is referred to as the fill factor (FF), which in an APS is less than 100% (in contrast to CCDs where the FF can approach 100%). Fig. 2 describes a square-shaped active-area pixel, which is most commonly used.
Photon absorption in the silicon depends on the absorption coefficient , which is a function of the wavelength. few micrometers of silicon, since is large in this spectral region. Longer wavelengths, m, for instance, have a smaller absorption coefficient, which means that more of the photocarriers can be generated outside the depletion regions. These carriers diffuse to the original imaging site or to a nearby site where they are collected before they are lost to a bulk recombination process. Such peripheral collection of photocarriers along the lateral edge of the photodiode is known as peripheral photoresponse or lateral photocurrent [16] - [19] . Thereby, the generated overall signal is proportional to the pixel geometry (i.e., the signal grows as photodiode dimensions increase) and could be presented as the sum of the main, i.e., the photodiode contribution itself, and the periphery contribution, due to the successfully collected diffusion carriers. Fig. 3 shows a cross section of several imager sites, which schematically indicates the depletion-region boundaries.
In the case of a CMOS APS, its charge-to-voltage conversion gain is typically dominated by the junction capacitance of the photodiode itself, which is built up from the bottom and the side-wall capacitances (1) where depletion capacitance of the -junction; , zero bias capacitances of the bottom and the side-wall components, respectively; voltage applied to the photodiode; , build-in potential of the bottom and the sidewalls, respectively; , grading coefficients of the bottom and the side-walls, respectively; photodiode area (bottom component); photodiode perimeter. The conversion factor V e is inversely proportional to the pixel geometry ( is the electron charge).
Pixel signal output is proportional to the product of the integrated photocarriers and the conversion gain. The tradeoff between these two conflicting parameters is most important. Indeed, it has already been shown that a lower active area contributes to a higher output signal, mainly through a higher conversion gain, but probably affected by the active area surroundings [2] , [3] , [20] . However, the lower active area reduces the fill factor. Since the fill factor influences the signal and signal-to-noise ratio (SNR), it is preferred to keep it as high as possible.
In this paper, Section II presents the proposed photoresponse model, while Section III shows the correspondence between the theory and the experimental data. Section IV summarizes the work. The curves share the same behavior and display a pronounced maximum response location. Pixel sets of different photodiode active-area geometrical shapes, e.g., a circle, a rectangul, and an L-shape, were tested. For each shape, a similar phenomenon was observed, i.e., a specific pixel gives a maximum response for particular illumination conditions. Note that for each wavelength ( was changed from 450 nm to 650 nm) the measurements were performed under uniform lighting (an integrating sphere was used). Thereby, we conclude that the tradeoff between the two conflicting factors, i.e., integration photocarriers and conversion gain, determining the signal output gives an optimum geometry, enabling extraction of maximum photoresponse.
II. PHOTORESPONSE MODEL
We present a semi-analytical expression for a diffusion-limited pixel photosignal in a closely spaced photodiode array. It makes use of the fact that each one of the parameters determining the signal output depends on the photodiode area and perimeter. The expression is integration photocarriers conversion gain
The left-hand side of this equation, , corresponds to the pixel output voltage signal related to the number of incoming photons (in a time unit).
In the right part, , the denominator or, more precisely, its inverse, represents the conversion factor, while the numerator represents the integrated photocarriers. The numerator consists of two parts, contributing to the total carriers number collected by the imager. The first part, , represents the contribution of the photocarriers created within the photodiode itself, i.e., the "active area" contribution. The second part, , represents the "periphery" or the "lateral diffusion current" contribution, i.e., the carriers that were created within the photodiode surrounding and had successfully diffused and been collected by the photodiode. represents the conversion gain that depends on both the photodiode area and perimeter. m represents the lateral collecting surface or interaction cross section for lateral diffusion. Here m is the photodiode perimeter, and m is the junction depth. Since ( ; are the lateral depletion stretch of the photodiode), they can be neglected, and we can assume that the perimeter m itself defines the lateral interaction area boundary (see Fig. 6 ).
Since the optical generation rate is relatively uniform throughout the substrate, the multiplier (Dimensionless) is proportional to the relative number of carriers created within the pixel substrate around the photodiode. Here, m represents the substrate, i.e., the unoccupied photodiode surroundings area within the pixel, whereas m is the photodiode active area. The less the fill factor, the more the number of the carriers created within the photodiode surroundings, which can diffuse and contribute to the total signal. It is obvious that this multiplier represents the array influence on the pixel photodiode, and the boundary condition, e.g., as the active area increases and reaches the pixel boundary (i.e.,
, for all the pixels in array), the diffusion contribution to the signal zeroes. Fig. 7 illustrates the situation where the diffusion equals zero as a result of the photodiode area extension for all pixels in the array. Therefore, this multiplier represents the relative number of the potential diffusion contributors.
(dimensionless) indicates the approximated distance that that the prospective contributor has to pass before it is trapped. Fig. 8 shows a schematic cross section of several imager sites, which illustrates the diffusion distance dependence on the photodiode geometry. Here, m is the characteristic diffusion length, and is the pixel pitch. As the photodiode dimensions and its perimeter m go up, the maximum distance that a carrier created within the substrate has to diffuse before it is collected by the peripheral side-wall collecting surface decreases, so the diffusion contribution increases. This multiplier is obtained from the series expansion of the expression , representing the one-dimensional diffusion equation solution [16] , [18] , [19] . Since the distances between the photodiodes in the array, and therefore the maximum carrier path, are small compared to the minority carrier diffusion length, taking the first two terms is adequate.
All other affecting parameters are described herein.
[V] is the pixel signal output for a particular wavelength, and (photons/s) is the photon irradiance. Since 1 W is a J/s, 1 W of monochromatic radiation at corresponds to photons/s. The general expression is , where is in W and is in nm. m is a coefficient, which describes the unity "active area" contribution to the total number of electrons collected by the imager, i.e., the number of electrons collected by the unity photodiode area in a time unit. m is another coefficient which describes the photodiode "peripheral unity area" contribution to the total number of electrons collected by the imager, i.e., the number of electrons collected by the "side-wall collecting surface" within the substrate depth. Fig. 6 illustrates the side-wall or lateral collecting surface, built up from junction bottom and side-wall depletion capacitances. , m m are coefficients which describe the bottom and side-wall capacities, respectively, in regular junction capacity meaning, as described in (1), and are defined by the particular process data.
In summary, the diffusion contribution to the overall signal is proportional to the lateral collecting area, the number of possible contributors, and the distance that the carrier has to pass before its collection by the photodiode.
Note that all parameters, with the exception of the coefficients and , are defined by the process and the design data. The comparison between the expression and the experimental results shows good agreement and are presented herein. 
III. COMPARISON WITH EXPERIMENTAL RESULTS
We have performed a functional analysis of experimental data obtained from a 14 m 14 m pitch CMOS APS array by means of scientific analysis software. Pixel sets of a square, a rectangular, a circle, and an L-shaped active area of different sizes have been tested. The response is analyzed for different wavelengths in the visible spectrum. Note that, without the limitation of generality, in this paper we demonstrate, as an example, only the results for a square-shaped photodiode active area pixel.
The solution of (2) for different pixel sets and different wavelengths in the minimum variance meaning enables us to extract the missing coefficients and . Their combination, determining the contributions to the total pixel output signal, remains invariable for all pixels at certain wavelength exposures.
It is evident from Fig. 5 that a longer wavelength enables better response, e.g., the signal obtained for 570 nm surpasses the one obtained for 490 nm almost twice as much. This can be related to the better absorption of the red radiation within the semiconductor depth and thus better quantum efficiency (QE). Moreover, the curves are shifted approximately in parallel. Since such output change is defined only by and (all other terms are wavelength-independent), it is to be expected that the coefficients are wavelength-dependent and that there is an increase in their values for longer wavelengths. As mentioned before, the above coefficients represent the number of electrons collected by the photodiode via its upper and lateral faces, respectively. Making use of the fact that the output signal is normalized to the number of photons impinging the pixel, for uniform incoming illumination, we interpret and latitudinally as the QE per unit area for the upper and lateral faces, respectively. In view of the fact that the output signal for 570 nm exceeds that of 490 nm by about twice as much, we conclude that the QE for 570 nm is double that for 490 nm. The values obtained for the coefficients and confirm that result, e.g., nm and nm It is worth noting that QE, which is one of the main figures of merit for imagers, was considered as the whole pixel characteristic, without any specific attention to the photodiode shape and fill factor [10] , [21] - [23] . We show here that it is useful to divide it into main and diffusion parts, according to the pixel geometrical shape and fill factor. We also introduce the method [by solving (2) ] for its determination and prediction based on the process and design data. We obtain that, for the presented pixel sets, the ratio is about . It demonstrates that, even though the active area mainly affects the output, the substrate parts could account for up to 50% of the total output signal. A 3-D graph presented in Fig. 9 shows a comparison example of the derived expression (2) with the measurements obtained for the pixels presented in Figs. 4 and 5 for two different wavelengths. It illustrates the correspondence between the measured and the modeled output signal dependence on the pixel area and perimeter. Furthermore, the modeled function reaches its maximum exactly at the point marked by the measurements, confirming therefore the proposed assumption that the compromise between integration photocarriers and conversion gain results in photodiode geometry, which enables maximum output signal prediction. In other words, based on (2) for the specific process, it is possible to extract and select the photodiode shape and size, such that the outcome will be highest.
The functional analysis of (2) enables the determination of the variables (area and perimeter) corresponding to the maximum value of argument. Note that the variables (area and perimeter ) are not independent, as the function describing their dependence is implicit and has to be taken into consideration. In the case of a symmetrical photodiode shape, the function connecting its area and perimeter can be easily obtained. Thus, (2) adds up to the case of only one independent variable, e.g., the expression connects area and perimeter for the square-shaped photodiode. This result is confirmed in Fig. 10 . It represents a 2-D comparison between the modeled and the experimental output signal dependence on the photodiode area for the square-shaped pixel set presented in Figs. 4, 5, and 9. A more complicated photodiode shape could always be represented as an aggregate of the elementary symmetrical parts [19] , [24] and investigated in order to obtain the above relation. Good model correspondence can be noticed where maximum divergence of the model result is constrained to 5%. It should be noted that the surface leakage and the nonideal transmission rate of the overlayers are not included in the present analysis and are considered to be second-order effects [25] .
IV. SUMMARY
In this work, a closed-form semi-analytical expression for a diffusion-limited CMOS APS pixel photosignal in a closely spaced photodiode array has been presented. It represents the pixel photosignal dependence on the pixel geometrical shape and fill factor, i.e., the photodiode active area and perimeter, enables behavior identification of different pixel types, and shows how deviations in the device geometry affect its overall performance. In addition, it introduces the method for CMOS photodiode QE determination and prediction based on the process and design data.
The results also indicate that, for any potential pixel active area shape, a reliable estimate of the degradation of image performance is possible, so that the tradeoff between conflicting factors, such as integration photocarriers and conversion gain, could be compared for each pixel design for optimum overall sensor performance. The presented model clearly brings out the possibility of a design enabling maximum output signal extraction and thus can be used as a predictive tool for design optimization for each potential application. The proposed model is process-dependent, and further research is required for a process-based model [26] , [27] . In addition, since this is the first model giving a quantitative value to the substrate influence, further model enhancements are expected to follow. 
